The idea of building an artificial man extends through the entire history of mankind. In this paper we present a semi-anthropomimetic robot, as a structure that consists of an upper human-like body mounted on a cart (mobile platform). Semi-anthropomimetic robot uses the three-wheeled mobile platform (two driving wheels and one passive wheel). Upper body configuration is represented as an anthropomimetic structure with antagonistically coupled drives. The aim of this paper is analysis of the robot behaviour under disturbances. Two types of disturbances are examined: disturbances following from the cart motion, and external disturbances. External disturbances (external impulse and long term external force) emulate interaction of the robot with its environment. Numerous simulations were performed, in order to analyze the balance of the robot. Accordingly, appropriate dimensions of the mobile platform are estimated, relying on the ZMP concept.
Introduction
Survey of the evolution of robots in the last half century can show us that different branches of robotics (industrial manipulators, AGVs, rehabilitation robotics, etc.) have reached immense results. However, if we carefully observe the history of scientific robotics, from its origins to the present day, it is noticeably that all different branches of robotics, in spite of their enormous impact to the society, have still been the "side activities". The main goal, which is the result of research in the entire robotics, has always been development of the humanoids, the future artificial men. So it is not surprising to discover that modern robotics has been originated from the attempt to build an artificial man [1] . Standard humanoids (e.g. ASIMO, TOPIO, QRIO) imitate the human form, but mechanisms used in such robots are very different from those in humans. Their mechanisms are built of stiff drives and rigid parts, that are characteristic for industrial manipulators. This places serious limitations on the types of interaction such humanoids can participate in. Because of that, they are still far from matching the human abilities in the real world.
Anthropomimetic concept refers to a new sort of robotics which copies not just the human form, but also its inner structures, as faithfully as possible. The aim is to achieve a level of performances comparable with human. The idea is that, if robots apply the same mechanisms as humans, they will also be capable to perform everyday assignments in the same environments, in an equaly safe way, because they will have similar properties (size, weight, force, etc.). This new, biologically inspired approach, has been reported in a past few years [2] [3] [4] .
Today, the main research in humanoid robotics relies on human-like actions (walking, hopping, etc.) which indicate to a bipedal design. However, a semihumanoid robot (an upper body mounted on a cart), can access to the most of human environments, in that way providing a good flexibility and mobility. Such mobile humanoids are not comparable to bipedal robots in a matter of copying the human form, but they can have significant advantage in situations where fast motion, and fast maneuvers are required.
We used different simulations in our research, in order to emulate two types of disturbances. First, we examined disturbances following from the cart motion (longitudinal and lateral acceleration, oscillations in longitudinal and lateral direction, circular motion, and oscillations of the pitch, roll, and yaw angles). These motions represent typical examples from everyday situations (acceleration, deceleration, driving along a winding road, driving along a bumpy road, etc.). Next task was to include external disturbances (external impulse and long term external force), in order to emulate interaction of the robot with its environment. In this research, our goal is to establish the cart dimensions in order to eliminate overturning, and to find the constraints in motion capabilities of the semi-anthropomimetic robot (upper human-like body (ECCEROBOT) mounted on a mobile platform).
A short survey of the papers and projects that are related to our work is given in Section 2. Configuration of the semi-anthropomimetic robot, its dynamics and short overview of the control strategy are shown in Section 3. In Section 4, we analyse the critical design of a mobile platform of the robot, through appropriate simulations.
Background Studies
A large number of mobile humanoids was developed in the past few decades. However, researches based on the dynamic stability of wheeled humanoid robots, particularly due to disturbances, are not well-explored. As a matter of fact, most of the papers are dedicated to the analysis of the bipedal gait [5] , and mobile manipulators [6] . The fact that anthropomimetic robots have appeared just recently, supports the work on the considered topic.
Analysis of the behaviour of the humanoid robot under external disturbances was shown in [7, 8] . In this work, typical postures from every-day life are considered, and two types of disturbances (external impulse and long term external force) are applied, in order to compromise the posture. Considering that most of interactions between a robot and its environment could be modeled in this manner, we also use this pattern to explore behaviour of the semianthropomimetic robot. In the paper [9] several control methods relying on the ZMP (Zero Moment Point) are mentioned. Concepts of the stability degree and the valid stable region, based on the ZMP criterion are proposed in [10] . Research [11] shows that, if the ZMP is within the stable region (support polygon), the robot is stable. The stable region is presented in the form of an equilateral triangle which is formed by the three orthogonal wheels. Waist motion is the crucial part of identifying the ZMP trajectory, because it takes the main effect on the stability of the robot. Paper [12] presents control and simulation on the waist of a mobile humanoid robot. Kinematics and the tip-over stability for a mobile humanoid robot moving on a slope are analyzed in [13] . "Contact forces criterion" is used in order to analyse balance of the robot. In [14] , dynamical interaction between the upper body and the mobile platform, is presented. Paper [15] describes a stable motion control of a mobile manipulator with the consideration of external force. Modeling and control of a robot that is mounted on a cart and subjected to random disturbances is presented in the research [16] . Disturbances are acting along its pitch, yaw and roll axes.
Tip-over stability of the semi-anthropomimetic robot, while interacting with its environment, is an unexplored topic. In this research we try to determine limitations of a robot behaviour and its design in such conditions.
Properties and Control Strategy
ECCEROBOT (Embodied Cognition in a Compliantly Engineered Robot) project was aiming to create a robot by copying the human body, replicating human skeleton and its antagonistic tendon drives (Fig. 1) . Unlike standard humanoids, that are copying the outer human form, it copies the inner structure as well (bones, joints, tendons, and muscles). As a consequence, it has the potential for human-like action and interaction. Skeleton of the ECCEROBOT is the most advantageous robot's replica of the human model. Joints and bones are formed out of polymorph. Polymorph is a new sort of thermoplastic, with distinctly bone-like appearance. Artificial muscles, which are antagonistically coupled, actuate ECCEROBOT joints in a similar way as most of the human muscles do (unlike standard humanoids). These muscles represent combination of: elastic tendons, non-elastic threads, and DC motors. Elastic spring is used for connecting non-elastic thread to the robot links. By applying this structure, human muscle and tendon are replicated to a large degree. Hence, by following the anthropomimetic principle [2 -3] , ECCEROBOT is designed to introduce and exploit a dose of self consciousness.
Fig. 1 -ECCEROBOT.
Standard, fully humanoid robot involves legs. However, in our research we have a semi-anthropomimetic robot (legs are replaced by a wheeled platform). This configuration makes the robot convenient for most household jobs. Dimensions and proportions of the robot are in accordance with the humanfriendly design. Head of the robot matches the height of human eyes in a sitting position. Also, hand manipulation area is aimed to be convenient for operating and caring objects in house environment.
ECCEROBOT structure has a large degree of complexity. Human-like nature, and functionality of the robot are hard to describe via mathematical model. The model of the ECCEROBOT [17] consists of 20 DOFs (degrees of fredom): three DOFs in waist, neck and shoulder joints, and two DOFs in elbow and wrist joints. These joints form three kinematic chains, and they are linked between themselves with segments. The joints are actuated by two DC motors working in antagonistic mode. Two different models of the joints are used (Fig.  2) . The first one, triangular joint, represents the human elbow joint. This AA (agonist-antagonist) pair, biceps-triceps, is the most illustrative example of the antagonistically coupled muscles in human beings. One motor imitates the biceps, while the other one mimics the triceps. Second model, circular joint, is suitable as approximation of most of the other joints with antagonistic drives. It is used for the neck, shoulder, waist, and wrist rotation.
Full dynamics model of the semi-anthropomimetic robot with antagonistically coupled drives is shown in [18] and presented here by equation (1) . N-dimensional equation (1) ( , ) ( , ) ( , , , , , , , ) ( )
( , , , , , )
It should take notice, that the above model does not include the cart dynamics. It is assumed that the cart dynamics can be decoupled and solved separately, thus allowing us to consider that the cart motion q(t) is imposed to the robot. This assumption, which will be supported later, enables the integration of differential equations (1) and (2), i.e., the simulation. In this context, simulation actually means that for given control voltages u, cart motion q, and imposed external forces R, one can find robot joint motion Q and robot motor motions ( At this point, we will briefly describe ECCEROBOT control strategy. The control algorithm relies on an energy efficient approach -the puller-follower concept [19, 20] . The concept is biologically inspired, and has its origins in the systems of antagonistically coupled muscles in humans. The main idea of the puller-follower approach is to separate the roles between motors (agonist and antagonist). The agonist initiates the action, while the antagonist opposes it. The main problem is how to control the antagonistically coupled electrical drives in order to achieve desired position of the joint. For fulfilling of these requirements, motors should be driven simultaneously, in a coordinated way. The first motor (puller), takes the responsibility for the primary control requirement -control of the joint position. The second motor (follower) is dealing with the additional task -maintaining an appropriate tension in the tendon, which is imposed by preventing of slackening of the antagonist tendon. When the motion requires it, the joint motors exchange roles (so called switching). The solution of this problem in multi-jointed system is presented in [21] . It was necessary to use robust control, together with nonlinear compensation for the effects of gravity, uncertain effective joint inertia, and dynamic coupling between joints.
Design of a Mobile Platform
In order to move and act in a human-centered space, robot needs to ensure safe and reliable behaviour. Compliance and its appearance make ECCEROBOT appealing and attractive for a household use. However, control issue of such a mechanism is still a far open question, as is maneuverability of the robot in a human-centered space. In this Section we elaborate the balance analysis of the mobile anthropomimetic robot under external disturbances resulting from the robot interacting in a real world. ZMP approach [22, 23] is used to provide conditions for the critical design of a mobile platform. In the analysis, the ZMP point is observed for the different robot tasks and conclusion about shape and size of the mobile platform is made, in order to ensure that the ZMP stable region is inside the boundaries of the mobile platform. Due to intensive movements of the cart, robot's waist joint is the most affected from the standpoint of control [12] .
For the current configuration of the wheeled platform (cart), it has been shown [24] that effects of the robot behaviour to the platform are negligible so that the control of the cart may be synthesized independently. Thus, mobile cart can perform any assigned motion with insignificant influence of the robot, and any disturbances coming from the movement can be easily overcome. However, the cart motion strongly influences the robot behaviour. The assumption about cart decoupling, allows us to explore the robot motion considering the cart motion as prescribed.
The mobile platform is supposed to ensure the robot global motion in some environment (coming to a workplace, maneuvering among household objects, etc.). Since the platform motion has a considerable impact on the robot behaviour, it is necessary to examine such influence. The first group of experiments is intended to explore the influence of the platform motion to the robot behaviour and the system design including cart dimensions. The group consists of the most intensive platform movements that robot control system (particularly in the waist) can stand. So, we chose the following platform motions to demonstrate the key effects in realistic system exploitation. Firstly, examples try to isolate different effects and later we make integrated examples. 1) Platform moving in a longitudinal direction (forward/backward) with constant acceleration/ deceleration (this motion is present in majority of everyday tasks). 2) Oscilation in the longitudinal direction (this motion emulates the inertial effects of non-uniform motion). 3) Motion in the lateral direction with constant acceleration/deceleration (this example emulates the effect of the centrifugal force). 4) Oscillation in the lateral direction (emulates the inertial effects of driving along a winding road). 5) Oscillation in yaw angle (presenting twisting motion, reveals the influence of the change in cart direction). 6) Gyre, circular motion (combines some previously mentioned basic motions and emulates effects of turning). 7) Pitch and roll angle changes (appear when robot moves along waved or winding terrain). The second group of experiments explores robot interaction with the environment, and its ability to keep balance while operating and completing assigned contact tasks. This group makes a generalization of the previous experiments -in addition to the cart motion the external force is imposed. Two types of forces are considered: external impulse force and long term external force. These two types cover the majority of practical situations, regardless of whether the forces are expected as a part of some task or they appear accidentally. Anyway, from the standpoint of robot balance, the external forces are seen as disturbance. Again, the waist joint is the most affected and hence, in our experiments external forces will be imposed to the torso segment. Some examples of planned actions that include external force are: pushing against trolley in a supermarket (long term force), or hitting a ball during some sport activities (impact force) [25] . Accidental external forces may appear when moving through a crowd of people or through an unstructured environment.
In order to ensure safe and efficient robot behaviour a compromise should be made. Size and shape of the mobile platform should be as small as possible to enable robot maneuverability. On the other hand, mobile platform should be sufficient to cover ZMP stability region in all cases that could appear. Therefore detailed simulation analysis is carried out thoroughly to make this compromise. Table 1 gives the overview of the applied movements of the platform: forward-backward motion with constant acceleration/deceleration, forwardbackward oscillations, motion in lateral direction both oscillating and with constant acceleration/deceleration, gyre, moving over waved or winding terrain (changes in pitch, roll and yaw angle). The external forces are acting horizontally, but, from different directions. Two cases (directions: 0 degrees and 90 degrees are shown in Fig. 3) . Table 2 present ZMP point when long term external force and impulse force, acting from different directions, disturb the robot upright position. Figures 4 and 5 , demonstrate ZMP position and position of the waist joint in cases when the impulse force of 1500N and the duration of Δt = 0.01 s is imposed to the robot from four different directions: strictly laterally from the robot's right side (90 degrees measured from the sagital plane), 45 degrees from the right, strictly frontally (0 degrees), and 45 degrees from the robot's left. Table 3 includes both challenges for keeping balance -robot motion and external disturbances. Due to the lack of space, the table presents one of the most common cases that occur -an impulse disturbance to the robot moving in longitudinal direction. Different levels of disturbance are shown, all lasting 0.01s. Upper limits of external disturbance as well as limits in platform velocities are constrained by the capacity of robot control. Current configuration of the ECCEROBOT platform contains three wheels, forming an equilateral triangle. The wheels form the triangle of stability according to the ZMP theory. Although this stable region is sufficient to prevent the robot and platform from overturning, we introduce a more restricted safety region S (a circle inscribed in the triangle). Let its radius be r. Using this safety region we prevent situations when the ZMP point goes to the triangle corners, where the stability region becomes narrow and where balance could be easily compromised due to unpredictable external disturbances. There is another advantage of using a circle as a safety region. It does not restrict the applicability of results to some particular cart shape. Results support triangular shape (three wheels), square shape (four wheels), etc. Therefore, this approach enables easy redesign of the mobile wheel having in mind just inscribed circle as the safety region. Quite similar approach is proposed in [13] . For described convention it stands: (4) minimum radius of the safety region is r min ≈ 28.5 cm. This means that ECCEROBOT mobile platform must be designed so as the cycle with radius r ≈ 28.5 cm can be inscribed ensuring balance of the robot in typical situations. The existing idea of having triangular wheel platform requires equilateral triangle with side of 2 3 1m a r   . Alternatively, in a case of square design one needs to provide side of a = 2r ≈ 57 cm in order to ensure safe robot behaviour. However, final design of the robot cart will be made considering these restrictions and desired maneuverability and final purpose of the robot.
Having in mind that limitations of the robot movement are imposed by control algorithm, and its compliant structure, we dare to say that a robot platform with considered velocities is competitive to other humanoid and service robots. In longitudinal direction velocity reaches 11 km/h. While twowheeled Hitachi humanoid EMIEW can achieve speed of 6 km/h, and the latest version of Honda's ASIMO (most advanced legged humanoid) can accomplish maximum speed of 9 km/h in ideal conditions.
Conclusion
The goal of this research was to establish the cart dimensions of the semianthropomimetic robot , which will ensure keeping the balance against tippingover. The semi-anthropomimetic robot is more sensitive to external disturbances due to its compliant actuation. Our simulation experiments demonstrated how stability of the robot can be preserved for some expected movements and disturbances, relying on the appropriate design of the mobile platform. By analyzing the robot balance (based on the ZMP approach), design of the mobile platform has been proposed. The obtained results are satisfactory, which encourage the idea that our semi-anthropomimetic mobile robot could be used for service purposes in a human-centred environment (home, hospital, restaurant, etc.)
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